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ABSTRACT

Solid-state diffusion of hydrogenin metal hydride (M) alloys is recognized as the rate
determining step in the discharge of MI] alloys in alkaline Ni-MH rechargeable cells. In
our pursuit of new ternary solutes ini .aNi; for extended cyclic ii fetimes, we have
obser ved noticeable improvement in the cycle life with small substitutions of Snand Ge
for Ni. Iurthermore, these substituents also facilitate enhanced charge transfer kinetics
for hydriding-dehy driding, process. In this paper, wc report our studies on the kinetics of
hydrogen diffusion in i .aNi; Sn_ alloys by electrochemical pulse techniques,
chronoamperometry and chronocoulometry.  The measured diffusion coefficients for
hydrogen in M1 | aloys arc of order of 1 ()" cms.

LOINTRODUCTION

The durability of I.aNis-based clectrodes during clectrochemical cycling, is
generally improved by a partial substitution of L.aor Ni with suitable solutes. Various
additives such asNd,' 1i,> Zr*and Ce'for i .a and Co,' Mn, Al> and Si' for Ni have been
found to be successful substituents for lowering the absorption plateau pressures and/or
improving the cycle life. Sakaictal.’ cvaluated several substituents for Ni but found that
the improvementin the cycle i i fe isunfortunatel y accompanied by a decrease in the
hydrogen absorption capacity, long activation, or slow Kinetics. The use of Sn as a partial
substituent for Ni ini .aNis, on the other hand, was found to reduce the absorption platcau
pressure anti minimize the hysteresis, while retaining most of the high  absorption
capacity of the binary alloy.® Furthermore, tile Sn substituent was found to result ina 20-

fold increase in the cyclic lifetime in thermal cycling’ and a charge-discharge cycle life
comparable to @ multi-component, misch metal based alloy.® Additionally, the kinetics of
hydrogen absorption-desor ption appear to be more facile upon Sn- substitution, indicating
that favorable surface conditions arc prevalent onthese alloys.”  Similar beneficial
effects were aso realized with Ge substituent,




Electrochemical hydriding- dehydriding reaction of M alloy contains a series of
steps. For cx.ample, the charge transfer reaction produces adsorbed atomic hydrogen
(11, ) and OH onthe clectrode surface (Volmer process). The adsorbed hydrogen either
diff’uses through the surface laycr and grain boundaricsinto the bulk of” the alloy to form
the hydride, or combincs with adjacent adsorbed hydrogen atom to form molecular
hydrogen (Tafcl process) and thus hydrogen evolution. The performance of the metal
hydride  clectrode is determined by the kinetics of the process occurring at the
clectrode/electrolyte interface as well as of hydrogen transport within the bulk of the
alloy. The charge transfer process is the rate determining step for clectrodes containing
small particles, while the hydrogen diffusion dominates for larger particles."

Reliable values for hydrogen diffusion cocfficients in LaNi, hydride phases have

been difficultto obtain ducto complex microscopic diffusion processesin crystal
structurcs where hydrogen simultaneously occupies several distinct types of interstitial

: 12+13

sites. Furthermore, various physical properties of activated I.aNi 1 powders often
impeded analyses and interpretations of commonly employed techniques such as nuclear
magnetic resonance (NMR) and quast clastic ncutron scattering (QNS). Performing a
critical assessment of NMR and QNS methods to characterize hydrogen diffusion in f3-
[.aNi, 11 when x> 6, Richter ctal." concluded that the. Imp,-range diffusion coefficient at

300 K is in the rangeof 1 - 5 x 10"8 cwm'/s. Ziichner et al.™ applied current pulse
clectrochemical method on single crystal (x-llaNisl I with x < 0.07 to obtain anisotropic
diffusion coefficient of 2 - 3x 10 cm’s at 298 K. Apparently, there is not a large
difference in hydrogen diffusion behavior between these two phases even though the
hydrogen contents vary considerably.

There have been relatively few studies' on the effect of substitutional alloy ing on
hydrogen diffusion in the AB, hydrides. Using NMR methods, Bowman ct al."”” showed
that Al substitution greatly deccreased hydrogen motionin the [’»-I/al\lis‘y/\lyllX with an
accompanying increascin activation encrgy. Zheng cl al.'® obtained with electrochemical

. . - . -11 2 .
methods @ room temperature diffusion cocfficient of 3x10° ¢m'/s for an LaNi Al

hydride electrode which was below the value of 7x 10°*° am'fs reported for a L.aNi,Cu
clectrode by van Rijswick.'"! More recently, Zheng ctal.!” used a constant current
discharpe technique to derive the hydrogen diffusion constant of 7 X 10" em'/s for a
LaNi,, Sn . clectrode. llisc-type clectrodes made with MmNi AL M. (M - Cr, Mn,
I'e, Co, Ni) were used by Iwakura, ct al.' 1o evaluate hydrogen diffusion coefficients in
the a-phase by the clectrochemical potential step method.  The diffusion constants
incasured at 303 K ranged between 1.6 x 10" em7s 10 3.2 x10" em’/s. It should be noted
(trot the hydrogen diffusion coefticients deduced using electrochemical methods on alloy



powders arc smaller by one to two orders of magnitude than values obtained from NMR,|
OQNS, or clectrochemical measurements on bulk samples.'™ ‘X

In this work, we studied the transpor tkineties of hydiogen in LaNig Sny alloys by
clectrochemical pulse techniques, 1.€., chronoam perometry and chronocoulometry. Sn
substitution resuits in improved interfacial conditions for clectrochemical hydriding-
dehydriding processes and in lower absorption pressures duc to enlarged lattice volume.
It is interesting to sce if these featues, cspecially the latter, also lead to enhanced
transport of hydrogen within the bulk of the alloy. Theresults from these studies,
combined with the extensive electrochemical and structural characterization alrcady
performed on L.aNig Sn_ alloys, will help usbetter understand the role of the ternary
solute on hydrogen diffusion.

20 EXPERIMENTAL,

.aNig,Sn, alloys were prepared by induction-melting and were subscquently
anncaled.’ The annealed ingots were subjectedto five hydrogen absorption/d esorption
cycles to activate the aloys. Metal hydride disk clectrodes were prepared by filling the
BAS (Bioanalytical Systems) disk clectrodes with mixture of M| | powders (with 19% Ni
and S ‘/c, PTFE), of equal quantiticsincach case to cnsure equal surface arca (0.07 cm’),
density (5.6 g/cm’), and porosity inall the clectrodes. A NiOOl electrode formed the
counter-clectrode, and af 1g/Hp 0O (0.098 V vs. S1 11:) with al.uggin capillary servedasthe
reference electrode in a three-clectrode, flooded cell with 31 w% KOl electrolyte.

The experiments include constant current charges a 40 mA/em’ (20 mA/g)to a
capacity corresponding to 400 mAl/g, potentiodynamic polarization curves for
estimating diffusion limiting currents, constant-current discharges at 64 mA/cm?’ (33
mA/g)to -0.5 V vs. Hg/HigO for calculating the absorbed hydrogen concentration in the
alloy and chronoamperometric and chronocoulometric transient measurements for
determining the diffusion cocfficients. The polarization experiments were carried out
with an EG&G ' 273 Potentiostat / Galvanostat using 352 corrosion so fitware.
Chronocou lometric response wa s monitored with a Nicolet storage oscilloscope. All the
measurements Were madce at ambient temperature, which was 25°42°C.,

It may be difficultto distinguish the hydriding and hydrogen evolution processces
clectrochemically.  In a potentiodynamic polarization, for example, a smooth, almost
unnoticeable, transition occurs from the hydride formation to the hydrogen evolution.”
The concurrent hydrogen evolution thus induces uncertaintics in the analysis of cathodic
polarization data, due to reduced current efficiency and changing surface conditions. I'n
order to alleviate such uncertaintics, the present studics are restricted to the anodic
regime, both for transient and steady-state experiments. Besides, the slow diffusing




species during discharge arc undoubtedly hyd rogen within the bulk of the alloy, where as
in the charging process, hydroxylions in the clectrolyte phase could move more
sluggishly, depending on the porosity and tortuosity of the electrode.”’

3.0RESULTS
3.1 Steady State Measurements
3.1.1Potentiodynamic Polarization - Limiting currents

Figure 1 shows the steady state polarization curves of L.aNig Sn, alloys with
different Sn contents (x from 0 to 0.5) ataslow scan rate (().5 mV/s) approximating,
steady state conditions. The polarization curves show strong interference of mass transfer
processes on the charge transfer kinetics, as cvident from the current being, invariant with
an increasc in the overpotential. At high overpotentials, > 400 mV, the discharge reaction
IS limited by the rate of transport of hydrogen within the bulk of thealloy. The
corsesponding current, termed diffusion limiting current and estimated from Fig. |
increases upon Sn- substitution and decreases later at x > 0.2 (Iig. 2). The low limiting
current of the binary alloy is caused by the difficulty associated with its charging ina
partially-scal ed cell. The limiting currents of the Sn-substituted alloys are ~ 500 mA/g as
reported carlier for LaNis.

3,1.2 Discharge Characteristics

In order to obtain the value of hydrogen concentration required for calculating, the
diffusion coefficients from the transient response below, tile clectrodes were discharged
after a prior, complete charge. Fig. 3 shows the discharge curves of 1.aNig Sn, alloys.
The discrepancy in the clectroche mical capacity inthese alloys is partially due to the
differencesin their absorption plateau pressures.” Milalloys with high platcau pressures
(> Iatm.) arc n ot efficiently charged in the open cell adopted for the present studies. At
high Sn contents, on the other hand, the discharge Kkinetics arc relatively sluggish. The
capacity 1s thus maximum with a Sn content of 0.2-0.3.

It should be realized that the degree of hydriding is such that the MH alloy exists
in the two phase region, i.e., in the o and {3 form. The measured diffusion coefficients
therefore represent a weighted average value of a and 3 phase hydrides.




3.2 Transicnt Measurements
3.2.1 Chronoamperometry

The transicnt methods involve the application of a potentiostatic pulse
(correspon ding to mass transfer regime identified 1n the steady-state experiment) to the
electrode and monitoring amperometric and coulometric responses. From the dependence
of diffusion current and coulombic charge ontime, it is possible to obtain values for the
diffusion coefficients by applying appropriate diffusion equations. The boundary
conditions appli cable to the present case for the outward di ffusion of hydrogen within the
bulk of the alloy arc i) uniform initial concentration, i.e., a t = O, the concentration of
hydrogen is the same at any distance from the interface, x, ii) at t> 0, the concentration at
large x approaches the bulk concentration and iii) the interfacial hydrogen concentration
is zero at t > 0, after the potential step.  Assuming semi-infinite linear diffusion
conditions, the instantaneous currentin the diffusion-limited regime may be expressed
by Cottrell’s equation'” as

. n I'A4 I);,?(,'.
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where i is the instantaneous current a time ¢, 12, isthe diffusion coefficient of hydrogen,
(" is the bulk concentration of the di ffusing specics, A is the arca of the clectrode and F
is the Faraday constant.  The concentration ('* is obtained from the clectrochemical
discharge capacities, using the geometric volume of the electrode (Fig. 3, Table1).

I'ig. 4 shows the chronoamper ometric curves of 1.aNi,  Sn, aloys after applying a
potentiostatic pulse of +400 mV vs. OCV, which corresponds to the diffusion-controlled
regime. ‘1 ‘he corresponding, plots between the current and t'” recast from Fig.4 arc
shown in Fig. 5. From the slopc of these cuives in Fig. 5and bulk concentrations of
hydrogen estimated above, the diffusion cocfficients of hydrogen in J.aNi, Sn, alloys
were. calculated (“1'able 1). The diffusion cocfficients thus calculated arc 6.69 x 1 07, 8.38
x107,7.53x 10-(), 936 x10” and2x10* cm?/s for Sncontents of 0.1, 0.2, 0.3, 0.4 and
0.5, respectively (Fig. 6, “1'able 1).

3.2.2.Chronocoulometry

f lere also, the electrode potential is shifted to a sufficiently positive value (for
oxidation) to enforce diffusion-limited conditions.  The coulometric output from the
potentiostat IS recorded as a function of time.  The coulometric response may be
described by the Cottrell equation inanintegral ferm”’such as
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where Q is the cumulative charge passed at any instant, t. A plot of  vs. (' is thus
lincar, the slope of which yields the diffusion coefficient.

Chronoamn perometric curves were obtained for LaNig , Sn_alloys at a potentiostatic
pulse corresponding to an anodic perturbation of 400 mV (Fig. 7). The corresponding
plots between coulombic charge andt'”? recast from Fig.7 are shown in Fig. 8. I'rom the
slope of these curves inkig. 8andthe bulk concentrations of absorbed hydrogen, the
diffusion coefficients fbr hydrogeninl.aNis ,Sn, alloyswere calculated ("1'able 1). The
diffusion coefficients thus obtained arc 3.49x10°,3.86x10” and 3.77 x10° ¢cm%/s for
Sn contents of 0.2, 0.3 and 0.4, respectively (Fig. 6, Table 1).

4.0 CONCLUSIONS

The diffusion coefficients of hydrogen inl.aNi, Sn,, obtained from the
amperometric and coulometric outputs upon a potential pulse corresponding to the
diffusion limiting conditions, arc in close agreement with each other, suggesting that the
analyses and the assumptions involved arcreasonable.  These values of the diffusion
coefficients arc marginally lower thanthose obtained from NMR and QNS techniques,
but clearly larger than the values of Zheng et al, obtained from constant-curient
discharges.

Finally, with increasing Sn contentinl.aNig ,Sn_alloy s, the diffusion o { hydrogen
is nothindered, whereas some sluggishness was observed catlier in the charge transfer
kinetics. On the other hand, the diffusion of hydrogen scems to be enhanced marginally
upon the substitution of Snfor Ni. This may possibly be related to the increased unit cell
volume. upon partial substitution of Niwith Sn.
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Fig. 1. Potentiodynamic polarization curves of l.aNig,Sn, alloys,
illustrating diffusion-limited behavior
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Iig. 3. Discharge curves of 1.aNi Sn, aloys,
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Fig 5: Analyses of chronoamperometric curves of 1.aNis, Sn, aloys, recast from
Fig. 4.
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Iiig. 6: Variation of diftusion cocflicient of hydrogen in Sn-modified 1.aNis alloys with
the Sn content by 1) Chronoamperometry and 2) Chronocoulometry.
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Table 1: Diffusion coefficients of LaNi, Sn, MH alloys by chronoamperometric and chronocoulometric methods

Capacity Concen., C,, : Chronoamp. ‘ Chronocoul. D, (Chronamp) D, (Caroncou.)
x in LaNi, Sn, mAh/g - m. mol/cc mA.s” : mC.s"* cm’/s cm?/s
0.1 141 2.19 6.2 28.8 6.69x 1C” 6 x 10
| 0.2 285 4.59 14.5 1.97 .38 x 107 383X 10
r 0.3 253 3.97 11.9 ; 19.5 7.53x 10 477x 10 ;
0.4 271 428 14.4 l 19.5 9.36x 107 £37x10 !
0.5 249 3.82 12.6 15.6 9.03 x 107 323X 10




